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UNCEASSIFIED 


A 150  GHz  Fully-Integrated  MMIC  Schottky- 

Mixer  Array 

M.  Rodiiguez-Girones,  J,P.  Pascual,  S.  Baumel,  C.I.  Lin,  H.L.  Hartnagel 


Abstract*  - The  development  of  detector  arrays  for 
two  dimensional  imaging  of  electron  cyclotron 
emission[l]  is  essential  for  the  investigation  of  heat 
transport  and  turbulent  confinement  in  fusion 
plasmas.  A new  approach  to  imaging  techniques  is 
presented  in  which  the  quasi-optical  coupling  of 
pumping  power  is  substituted  by  a direct  on-chip 
distribution  scheme  using  a fully  MMIC  multi- 
channel mixer  circuit.  The  system  makes  use  of  a 
subharmonic  mixer  array  designed  in  multisubstrate 
technology  to  perform  6 to  8 dB  conversion  loss. 
Aperture  coupled  patch  antennas  are  used  for  the 
reception  of  plasma  signal,  whereas  pumping  power  is 
fed  to  the  mixer  through  a waveguide-microstrip 
transition. 

I.  Introduction. 

The  achievement  of  spatially  resolved 
measurements  of  electron-temperature  fluctuations 
within  the  core  of  fusion  plasmas  has  become  a 
fundamental  issue  in  plasma  diagnostics  [2].  The 
investigation  of  heat  transport  as  well  as  of  the 
turbulent  confinement  requires  two-dimensional 
imaging  of  Electron  Cyclotron  Emission  (2D- 
ECEI)  radiated  at  the  plasma  core.  Among  the 
methods  to  perform  Electron  Cyclotron  Emission 
(ECE)  radiometry,  heterodyne  mixing  plays  an 
important  role  [1].  The  development  of  detector 
arrays  for  2D-ECEI  [3]  represents  today  therefore 
one  of  the  main  concerns  of  plasma  diagnostics. 
ECEI  systems  realised  to  date  (e.g.  [4])  rely  on 
quasi-optical  coupling  of  the  pumping  power,  using 
the  same  antenna  as  for  signal  reception.  Simple 
approximations  presented  below  show  that  loss  of 
local  oscillator  (LO)  power  can  be  improved  by  a 
factor  of  about  10  dB  if  the  coupling  is  performed 
directly  on-chip. 

The  circuit  is  realised  on  a multi-substrate 
technology  and  includes  aperture-coupled  patch 
antennas  for  the  reception  of  the  plasma  signal. 
Cross-talking  between  channels  may  be  reduced  by 
physical  substrate  separation  to  prevent  propagation 
of  substrate  modes.  Also  patch  antennas  can  be 
isolated  to  increase  channel  isolation. 
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On-chip  coupling  of  LO  power  requires  the  use  of 
subharmonic  pumping  in  order  to  minimise 
frequency-dependent  attenuation  in  the  microstrip 
circuit.  Therefore,  anti-parallel  diode  pairs  are 
selected  as  mixer  elements,  which  improve 
subharmonic  performance  [5].  The  technology 
necessary  for  the  fabrication  of  such  anti-parallel 
diode  pairs  is  available  [6]  and  can  be  adapted  to 
the  fabrication  of  large-area  integrated  circuits. 

The  MMIC  circuit  is  made  of  four  parallel  sub- 
harmonic Schottky-diode  mixers  realised  on 
microstrip  line  on  a 70-pm  thick  GaAs  substrate. 
The  circuit  layout  is  shown  in  figure  1.  Each 
channel  receives  RF  signal  (plasma  radiation)  in  the 
band  144  - 153  GHz  through  a patch  antenna 
coupled  to  the  microstrip  circuit.  The  specified 
circuit  bandwidth  should  be  9 GHz  also  at  the  IF  (9 
GHz  to  18  GHz),  Local-oscillator  power  (at  67.5 
GHz)  is  coupled  to  a 50-Q  microstrip  line  on  the 
chip.The  total  size  of  the  chip  is  about  10x6  mm^. 
Simulated  performance  of  the  mixer  systems  show 
a minimum  value  of  conversion  loss  between  6 and 
8 dB  for  input  LO  powers  ranging  from  5 to  10 
dBm  per  diode  pair.  The  ripple  throughout  the  IF 
band  (9  to  18  GHz)  is  less  than  4 dB. 

II.  System  Concept 

For  each  mixing  channel,  the  patch  antenna 
receives  plasma  radiation  and  delivers  it  through  a 
slot  in  its  ground  plane  to  the  microstrip  circuit.  In 
this  way  different  substrates  can  be  used  for  the 
patch  antenna  (fused  quartz,  = 3.4,  with  good 
radiation  properties)  and  for  the  microstrip 
circuit  (GaAs,  £r  = 12.8,  with  low  radiation). 
Furthermore,  the  ground  plane  contributes  to  shield 
the  mixer  circuit,  improving  the  circuit's  isolation 
characteristics. 

The  multi-channel  mixer  system  is  mounted  on 
a mixer  block  as  shown  in  figure  1 . The  waveguide 
output  of  the  LO  source  is  coupled  to  the  microstrip 
circuit  and  divided  into  four  mixer  channels.  The 
intermediate  frequency  (IF)  output  is  then  coupled 
to  coaxial  cables  before  delivery  to  the  IF  section  of 
the  ECEI  System. 

An  anti-parallel  structure  has  been  chosen  for  the 
diode  configuration.  This  topology  has  well-known 
advantages  ([7],  [8]),  in  particular  fundamental- 
mixing suppression  and  double  LO  mixing 
enhancement.  It  is  still  being  employed  for 


197 


r 


Microstrip-Coax 
Transition 
(IF  Output) 


Fig.  1:  Mixer  block 


different  applications  and  at  different  frequency 
ranges  [9],  [10].  A lower  pumping  frequency 
simplifies  the  task  of  providing  LO  power  (sources 
at  about  70  GHz  are  more  readily  available  than  in 
the  150  GHz  band).  Furthermore,  filtering  of  the 
image  band  is  simplified  as  the  need  to  match  an 
LO  signal  lying  between  RF  and  image  bands  is 
eliminated. 

I.  Anti-parallel  diodes:  Design  and 
Technology 

An  equivalent  circuit  model  has  been  used  for  the 
Schottky  diodes.  The  linear  part  of  the  model  was 
estimated  from  measurements  and  from  the 
physical  dimensions,  and  the  non-linear  part  was 
based  on  measurements.  This  model  is  coherent 
with  previous  models  electromagnetically  de- 
embeded  for  such  high  frequency  devices  [1 1].  The 
values  of  diode  parameters  are  shown  in  table  1 . 


Parameter 

Value 

Isat  (saturation  current) 

2x10  ” A 

Ideality  factor 

1.15 

Cjo 

4.5  fF 

Rs  (scries  resistance) 

IQ 

<|)bi  (built-in  potential) 

1.03  V 

Lf  (parasitic  inductance) 

10  pH 

Tab.  1 : Values  of  the  diode  model 

The  technological  process  provides  minimised 
parasitics,  which  allow  high  frequency  operation. 
Single  diodes  were  included  to  be  characterised  on 
wafer,  making  possible  a more  accurate  post- 
simulation. The  anti-parallel  diode  pairs  used  as 
mixer  elements  are  an  evolution  of  those  described 
in  [6].  The  air  bridge  is  substituted  by  an  anode 
finger  which  runs  above  a 1.5  to  2-pm  thick 
passivation  layer.  This  protects  the  diode  further 


from  physical  damage.  The  ohmic  contact,  in  turn, 
is  realised  from  the  front  side  in  order  to  simplify 
the  technological  process.  Contact  pads  are  not 
necessary  since  the  diodes  are  integrated  on  the 
microstrip  line,  eliminating  an  important 
contribution  to  parasitic  capacitance. 

Diode  dimensions  (1.3  pm  anode  diameter)  are 
chosen  to  keep  the  parallel  admittance  of  the 
junction  capacitance  (2- 10-3  low  with  respect 
to  that  of  the  average  junction  resistance. 
Furthermore,  the  absence  of  backside  contacts 
suppresses  one  of  the  most  important  contributions 
to  parasitic  capacitance. 

Fig.  2 shows  a picture  of  a fabricated  pair  of  diodes 
taken  with  an  optical  microscope. 


Fig.  2:  Detail  of  the  MMIC:  Integrated  Anti- 

parallel diodes 

II.  Planar  Patch  Antennas 

Each  channel  receives  plasma  radiation  in  the  band 
144  to  153  GHz  through  a patch  antenna  coupled  to 
the  microstrip  circuit  by  means  of  a slot  on  its 
ground  plane.  The  antennas,  about  400x400  pm2  nn 
size,  are  printed  on  a 150-pm  thick  fused  quartz 
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substrate  using  a thin-film  technology.  The 
radiation  patterns  calculated  with  the  method  of 
moments  are  typical  for  patch  antennas.  About  90 
% of  the  radiated  power  is  radiated  for  an  angle  of± 
45^ 

III.  Mixer  Design 

The  goal  of  the  design  is  to  obtain  the  smallest 
conversion  loss,  with  rejection  of  unwanted 
harmonics  (fundamental  mixing,  image)  and  good 
isolation  between  ports. 

Using  the  harmonic  balance  technique  [12],  the 
most  suitable  LO  pumping  power  range  to  have 
almost  matched  impedance  showed  by  the 
grounded  diodes  was  estimated.  The  impedance  of 
the  grounded  diode  pair  at  67.5  GHz  is  shown  in 
figure  3 for  LO  power  values  between  1 and  20 
dBm. 


CQ 


Fig.  3:  LO  impedance  of  the  diode  pair  for  several 

values  of  LO  pumping  power. 


Fig.  4:  Circuit  layout 

Performance  of  the  mixer,  especially  in  terms  of 
conversion  loss,  is  fixed  by  the  design  of  the 
filtering  and  matching  networks  on  each  side  of  the 
diode  pair  [13].  The  LO  signal  is  injected  through  a 
microstrip  structure  which  operates  as  LO  filter  and 
presents  to  the  diodes  a short  circuit  at  IF  and  RF. 
Another  structure  on  the  other  side  acts  as  IF  filter 


and  LO  short.  The  RF  antenna  is  also  coupled  to 
this  structure. 

The  IF  signal  is  extracted  from  the  RF  side  to 
increase  LO-IF  isolation. 

The  microstrip  parts  have  been  simulated  with  the 
standard  equivalent  circuit  models,  but  also  with  an 
electromagnetic  simulator  using  the  method  of 
moments  to  take  into  account  additional  coupling 
effects  [14].  This  is  crucial  to  prevent  unwanted 
changes  of  the  desired  characteristics,  more 
important  at  higher  frequencies. 

Fig.  4 shows  the  layout  of  the  MMIC,  whereas  Fig. 
5 shows  a fabricated  stmcture. 


Fig.  5:  Realised  Microstrip  MMIC 


A procedure  was  applied  to  allow  the  simulation  of 
RF  power  injection  and  the  proper  antenna 
impedance  loading  at  the  same  time  by  using  an 
Equivalent  Large  Signal  Antenna.  The  reflection 
coefficient  at  the  antenna  input,  previously  obtained 
by  electromagnetic  simulation,  is  shown  to  the 
mixer  circuit  and  at  the  same  time  RF  power  is 
flowing  through  towards  the  diodes,  allowing  the 
harmonic  balance  simulation  of  the  mixer. 
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Conversion  Loss  vs  LOPower 

Fig.  5:  Simulated  conversion  loss  versus  LO  power 

for  different  values  of  RF  frequency. 
Conversion  loss  was  evaluated  in  a single  channel, 
using  harmonic  balance  techniques  in  the  whole  RF 
band  for  several  LO  power  values.  The  ripple 
across  the  RF  band  is  less  than  4 dB  for  each  case. 
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Conversion  loss  saturate  beyond  5 dBm  pumping 
power  per  diode  pair  as  it  can  be  seen  in  figure  5 for 
three  RF  frequencies  (lower,  upper  and  middle 
band). 

For  LO  available  power  ranging  from  5 dBm  to  10 
dBm,  best  simulated  values  of  conversion  loss  vary 
between  8 dB  and  6 dB.  This  can  be  considered  as 
an  optimistic  estimation. 


Conversion  loss  versus  IF  frequency  for  several  LO 
power  values  are  shown  in  figure  6. 


The  goodness  of  the  required  shorts  at  IF,  RF  and 
OL  frequencies  at  each  side  of  the  diodes  was 
verified  including  the  loading  of  the  antenna  and 
the  LO  power  splitter. 

Typical  values  of  isolation  between  ports  were  also 
estimated.  The  LO-EF  isolation  is  31  dB.  The  LO 
power  flowing  towards  the  RF  antenna  is  41  dB 
below  the  injected  LO  level.  The  RF-IF  isolation  is 
shown  in  figure  9 for  four  values  of  LO  available 
power.  Because  the  antenna  acts  as  an  image  filter, 
and  also  due  to  additional  intended  mismatching, 
down-converted  image  signal  at  the  IF  port  is 
between  10  and  30  dB  below  the  desired  IF 
frequency.  Optical  filtering  may  improve  image 
rejection  if  required. 

The  third-order  interception  point  occurs  for  -6 
dBm  of  output  power:  even  or  an  optimistic  value 
of  -30  dBm  of  RF  input  power  the  third-order 
harmonic  products  at  the  output  are  more  than  70 
dB  below  the  IF  signal. 

The  double  LO  frequency  at  the  output  is  negligible 
due  to  the  anti-parallel  diode  properties  to  cancel  it. 

IV.  Conclusions 

A subharmonically  pumped  Schottky  diode  MMIC 
mixer  has  been  designed  for  ECE  plasma 
diagnostics  applications. A Schottky  diode  high 
performance  technology  is  used  to  allow  fully 
integration  on  a single  GaAs  substrate,  including 
also  a patch  antenna  as  RF  port  and  an  on-chip 
power  distribution  scheme.  The  design  makes  use 
of  the  anti -parallel  diode  structure  advantages  and  it 
is  strongly  based  on  electromagnetic  simulations  of 
the  planar  microstrip  structure.  The  first  structures 
have  been  fabricated. 
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